Studies of the relationship between yield coefficient and growth rate, as affected by temperature of growth, in Escherichia coli have shown that, over a wide range of temperature, yield is relatively constant until the specific growth rate falls below about 0.2 hr'1, at which point the yield begins to fall off precipitously. No intermediates of glucose metabolism in a form utilizable at higher temperatures could be found in the medium, and no toxic product was produced which limited growth. At 10 C, 37% of the carbon from glucose-UL-14C was assimilated into cellular material, whereas, at 30 C, 53% was assimilated. Cells grown at 10 C contained more carbohydrate than did cells grown at 37 C, and the glycogen-to-protein ratio of cells grown at 10 C was approximately three times higher than that of cells grown at 37 C. Adenosine triphosphatase activities of cells grown at 10 and 35 C were similar. Growth rates on glucose, glycerol, and succinate were quite similar at 10 C, but at 35 C growth was most rapid on glucose and slowest on succinate. The data suggest that the decrease in yield with decrease in temperature is a result of uncoupling of energy production from energy utilization.
For many years after the report of GrahamSmith (4), it was generally accepted that yields of cells were greater at temperatures below those at which most rapid growth occurred. More recently, however, Sinclair and Stokes (20) demonstrated that, when oxygen is not a limiting factor, maximal cell numbers produced by selected mesophiles and psychrophiles are as high at 30 C as they are at 10 C. Besides oxygen limitation, other factors which undoubtedly have led to confusion in interpreting the effect of temperature on growth have been (i) the use of cell numbers instead of cell mass as a measure of yield (20) , (ii) the use of chemically undefined media (13, 20) , and (iii) the different methods used for calculating and reporting yield (1, 5, 11, 13, 14, 18) .
Monod (11) found that, in aerated cultures of Escherichia coli incubated between 20 and 37 C, the yield was between 0.26 and 0.25 g of cells (dry weight) per g of glucose. At 39 and 41 C, however, the yields dropped to 0.21 and 0.20, respectively. Senez (18) observed a similar decrease in yield with Aerobacter aerogenes above 37 C. The rate of growth of A. aerogenes is maximum at 37 C, but the rate of respiration of glucose continues to increase with increases in temperature and does not reach a maximum until 42 C. He interpreted these data to mean that, at the higher temperature, biosynthesis is proceeding at a slower rate than is catabolism, with resultant energy uncoupling, a condition in which energy is being made available faster than it can be utilized.
This paper provides evidence to show that the yield of E. coli decreases if growth temperature is decreased below the temperatures at which the growth rates deviate from the Arrhenius equation (15) . It is suggested that the decrease in yield may be the result of an energy uncoupling.
MATERIALS AND METHODS
Organism. The organism used throughout this study was Escherichia coli ML 30, obtained from Jacques Monod.
Media. The basal medium used was medium 56 of Monod, Cohen-Bazire, and Cohn (12) . Glucose, glycerol, or sodium succinate was sterilized by filtration thriough a membrane filter (Millipore Corp., GROWTH TEMPERATURE AND YIELD OF E. COLI Other chemicals were of reagent grade from the usual commercial sources.
Cultural conditions and measurement of growth. Cultures were grown, their growth was measured, and the specific growth rate, k, was calculated as described previously (15) with the following exceptions: cells for preparation of standard curves were obtained from cultures growing exponentially at 35 C, and a Spectronic-20 (Bausch & Lomb, Inc., Rochester, N.Y.) and model DB spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.) were used for measurements of optical density. Generation time, g, was computed by the formula g = 0.69/k.
Determination of yield. Two independent methods were used to determine yield. Method A consisted of inoculating 5 ml of a starter culture, grown at the same temperature, into 145 ml of minimal medium lacking a carbon source, and then allowing the culture to exhaust the carried-over substrate before adding glucose ( Fig. 1 Method B was as follows. Minimal medium containing 250 pg of glucose per ml was placed in a sidearm flask adapted for a Klett colorimeter and was inoculated with a washed suspension of cells from an exponentially growing culture (10% inoculum). The flask was incubated on a water-bath shaker at the desired temperature. The turbidity of the culture was followed on a Klett colorimeter until a constant reading was obtained. Turbidity readings were made at the beginning and at the end of the growth phase on the Beckman Model DB spectrophotometer to permit estimation of the cell mass. Glucose determinations also were made on the filtered medium. The yield coefficient was then computed as described for Method A. The results obtained with either method were in good agreement.
Utilization of 14C-glucose. The procedure was essentially the same as that described for determining yield by method A except that uniformly labeled glucose was used as the substrate. After removing a sample for the determination of turbidity, glucose, and radioactivity, the vessel was stoppered and connected to two test tubes in series containing 0.1 N NaOH to trap the respiratory CO2, which was swept through by sparging with air.
After growth had ceased, the radioactivity incorporated into cellular material was determined by liquid scintillation counting of cells collected and dried on membrane filters; the radioactivity remaining in the culture fluid also was determined. The bound CO2 dissolved in the culture fluid was released into a closed container by 10 N H2SO4 and, then, was absorbed by hyamine after overnight incubation. The value for C02, thus determined, was subtracted from the total radioactivity in the culture fluid. The C02 removed by the alkali traps was determined in a similar manner, and this value was added to that obtained as bound CO2 in the supernatant fluid to give total CO2. All aqueous samples (0.1 ml) were made miscible with 10 ml of "Liquefluor" by the addition of 3 ml of absolute ethyl alcohol. Radioactivity was determined in a Nuclear-Chicago scintillation spectrometer at the ambient temperature of an air-conditioned room maintained at about 20 C. Counting efficiency, as determined by the channels ratio method, was approximately 50%.
Respiratory rate. Uptake of oxygen was determined by conventional Warburg techniques (22) on samples from exponentially growing cultures at the temperature of growth of the cultures. Cells were resuspended in 0.1 M phosphate buffer (pH 7.4) to a density of 600 to 800 ;pg (dry weight)/ml. Each Warburg vessel contained 2.5 ml of washed cell suspension, 0.3 ml of buffer in the main compartment, and 0.2 ml of 1% (w/v) glucose in the side arm, which was tipped in after temperature equilibration. The center well contained 0. Figure 2 shows the relationship between yield coefficient and specific growth rates as affected by temperature of growth. The yield is quite constant over a wide range of growth rates until rates fall below about 0.2 hr-', a point corresponding to a temperature of about 18 C, at which the yield decreases precipitously. For example, at 30 C, the average growth rate in this medium is about 0.55 hr', and the average yield coefficient is about 0.5; i.e., 0.5 g of cells (dry weight) is produced from 1 g of glucose. At 10 C, however, the growth rate decreases to about 0.04 hr-1, and the yield coefficient drops to 0.39.
Growth at 10 C on culture supernatant fluid. To explore the possibility that intermediates of glucose metabolism may have accumulated which could not be metabolized at 10 C, the supernatant liquid from a culture at 10 that cessation of growth at 10 C was due not to a toxic condition but rather to a lack of a carbon and energy source. The growth in the uninoculated glucose-supplemented medium after 20 hr results from the incomplete removal of cells by the centrifugation. Carbon balance of E. coli growing on glucose. The proportion of carbon from glucose-UL-_4C going into cellular material, into C02, and remaining in the culture fluid is presented in Table TABLE 2 Respiration of glucose at 35 C by cells grown at 10 C. Cells grown at 10 C respired glucose at 35 C at a faster rate than do cells grown at 35 C; the former had a QO2 (corrected for endogenous) of 180 as compared to only 159 for the latter. Furthe;more, the rate of endogenous respiration was higher for the cells grown at 10 C than for those grown at 35 C, and a longer period of endogenous metabolism was required to deplete the endogenous reserve of cells grown at 10 C.
Carbohydrate-to-protein ratio of cells grown at 10 and 37 C. The data of Table 3 confirm the finding that cells grown at 10 C are richer in carbohydrate (22% of dry weight) than are cells grown at 37 C (8.4% of dry weight). The protein content of cells grown at 10 C is slightly lower than that of cells grown at 37 C; the carbohydrate-to-protein ratio was 0.37 at 10 C as compared to 0.13 at 37 C. There was no significant difference in sions each containing an equivalent dry weight of cells grown at the two temperatures. Adenosine triphosphatase activity of cells grown at 10 and at 35 C. The lower yield of cells at 10 C could be the result of higher adenosine triphosphatase activity in the cells. However, the data in Table 4 show that the specific activity of adenosine triphosphatase in cells grown at 10 C may be slightly lower than that in those grown at 35 C.
Growry rate on various carbon sources at high and low temperatures. In Table S , growth rates of E. coli on glucose, glycerol, and succinate media are shown. These data show that, at the higher temperatures, growth is most rapid on glucose, slowest on succinate, and intermediate on glycerol. When temperature is low (13 C), however, the rate of growth is approximately equal on a tl three sources. DISCUSSION
The results of this study demonstrate that, over a wide range of temperature, cell yield of E. coli is independent of growth rate untfil the ratesfadl below the temperature which approximately coincides with that at which growth rate begins to deviate from the Arrhenius equation (Fig. 3) . Senez (18) It was demonstrated that, whereas the rate of growth at low temperature is slower than predicted by the Arrhenius equation, respiratory rate seems to obey the equation at least down to 10 C. The inability of biosynthesis (anabolism) to keep pace with catabolism should result in the diversion of energy from catabolism into forms of storage, e.g., glycogen, and this is reflected by the higher carbohydrate-to-protein ratio in cells grown at 10 C as compared to those grown at 37 C. That catabolic reactions predominate over biosynthetic reactions is also suggested by the fact that cells grown at 10 C respire glucose at 35 C at a rate in excess of that of cells grown at 35 C; furthermore, a longer period of endogenous respiration is required to reduce the rate of endogenous respiration of cells grown at 10 C. The observation that growth rates on glucose and succinate differ considerably at 37 C but are similar at 13 C suggests that biosynthesis limits growth at low temperatures, whereas catabolism of the carbon source is the limiting factor at higher temperatures. Glucose, being more readily utilized than succinate or glycerol, will allow a faster growth rate. Marr, Ingraham, and Squires (9) also concluded that growth at low temperatures results in a higher level of catabolic repression of ,-galactosidase in E. coli.
O'Donovan, Kearney, and Ingraham (17) have isolated a variety of conditional lethal mutants which can grow at low temperatures only when supplemented with one or more amino acids, whereas the parent strain is capable of growing without supplementation. One of these coldsensitive mutants, E. coli strain K-II-27, requiring histidine for growth at 20 C, has been analyzed by O'Donovan and Ingraham (16) , and the lesion has been traced to an enzyme in the histidine-synthesizing pathway which is extremely sensitive to allosteric (feedback) inhibition at low temperatures. Thus, a preferential inhibition, at low temperatures, of allosteric enzymes involved in biosynthetic reactions could bring about an uncoupling of energy utilization from energy production. A related observation is that uncoupled growth caused decreased yield and increased glycogen content for a leaky threonine auxotrophic E. coli growing under threonine limitation (19) . Similar findings have been reported for A. aerogenes growing linearly in the presence of an amino acid analogue, p-fluorophenylalanine (19) , and for E. coli growing in the presence of selenate in the place of sulfate (6) . All these conditions lead to restriction of protein synthesis.
Finally, the decreased permeability of bacterial cells to sugars at low temperature has often been suggested as a possible basis for the existence of a minimal temperature for growth of bacteria (3) . The fact that my results show that the respiratory rate at low temperature is well in excess of that required for growth renders this explanation unlikely. Stokes and Larkin (21) have recently shown that the extract of a psychrophilic bacillus is capable of oxidizing glucose at low temperature (5 C) faster than is the extract of a mesophilic bacillus. Therefore, the failure of some bacteria to grow at low temperature is probably not due to a limitation in permeability of cell membrane to substrates. ACKNOWLEDGMENT I thank John A. Alford for his critical review of the manuscript.
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